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The Abnormally Weighting Energy (AWE) hypothesis consists of assuming that the dark sector 
of cosmology violates the weak equivalence principle (WEP) on cosmological scales, which implies 
a violation of the strong equivalence principle for ordinary matter. In this paper, dark energy (DE) 
is shown to result from the violation of WEP by pressureless (dark) matter. This allows us to build 
a new cosmological framework in which general relativity (GR) is satisfied at low scales, as WEP 
violation depends on the ratio of the ordinary matter over dark matter densities, but at large scales, 
we obtain a general relativity-like theory with a different value of the gravitational coupling. This 
explanation is formulated in terms of a tensor-scalar theory of gravitation without WEP for which 
there exists a revisited convergence mechanism toward GR. The consequent DE mechanism build 
upon the anomalous gravity of dark matter (i) does not require any violation of the strong energy 
condition p < ~pc^ /3, (ii) offers a natural way-out of the coincidence problem thanks to the non- 
minimal couplings to gravitation, (iii) accounts fairly for supernovae data from various very simple 
couplings and with density parameters very close to the ones of the concordance model AC DM, 
therefore suggesting an explanation to its remarkable adequacy. Finally, (iv) this mechanism ends 
up in the future with an Einstein-de Sitter expansion regime once the attractor is reached. 



I. INTRODUCTION 

In the past decade, cosmology has entered into an era 
of high precisiorL Large observational projects like sky 
surveys (SDSS Ti|, 2dF ...), precise measurements of 
the cosmic microvifave background (CMB) anisotropies 
(COBE [|, BOOMERanG [i] and WMAP [|) and the 
extensive use of type la supernovae to characterize the 
recent cosmic expansion (SNLS The Supernovae 
Cosmology Project [7], High-z SN search j^) have not 
only achieved to settle the hot Big Bang scenario as the 
basic framework to describe the whole universe but also 
have completely changed our past vision of its energy 
content. They have indeed revealed the recent domi- 
nation of an unexpected and still unexplained energy 
contribution, the so-called dark energy (DE), which 
accelerated the recent cosmic expansion. Therefore, if 
the existence of DE can hardly be contested nowadays 
due to the accumulating observational evidence, the 
question of its physical origin has become a crucial 
problem not only for theoretical cosmology but also for 
fundamental physics. 

In this paper, we apply the Abnormally Weighting 
Energy (AWE) Hypothesis, introduced in P], to a 
pressureless fluid (our dark matter" - DM - here). 
This allows not only accounting for the observed cosmic 
acceleration but also offers fascinating perspectives 
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about several DE problems like alternative to negative 
pressures, cosmic coincidence, relations between DM and 
DE and the fate of the Universe. The AWE hypothesis 
consists of assuming that DE does not couple to gravita- 
tion in the same way as usual matter (baryons, photons, 
etc.). This implies a violation of the weak equivalence 
principle (WEP), mostly on cosmological scales, where 
DE dominates the energy content of the Universe. 
This anomalous weight also implies that the related 
gravitational binding energy of DE does not generate the 
same amount of gravity than usual matter, yielding a 
violation of the strong equivalence principle (SEP). This 
will result in a running gravitational coupling constant 
on cosmological scales whose dynamics reproduce the 
observed cosmic acceleration. 

In previous works 0, we have applied the AWE 
hypothesis to a Born-Infeld gauge interaction to show 
how the Hubble diagram of type la supernovae can 
be explained in terms of both cosmic acceleration 
and variation of the Newton gravitational constant on 
small scales. Here, we show that the above results 
actually do not depend on a particular equation of 
state of the AWE sector. Furthermore, we also provide 
a detailed analysis of the AWE dynamics that shows 
how cosmic acceleration is a generic prediction of the 
AWE hypothesis resulting from the competition between 
different non-minimal couplings. We also establish that 
the attractor to which gravitation is driven depends 
on the ratio between the energy densities of ordinary 
matter and AWE Dark Matter. Therefore, General Rel- 
ativity (GR) can be retrieved on small scales where the 
structure formation has largely favoured the abundance 
of normally weighting matter like baryons. 
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Of course, the idea that DM violates the equiva- 
lence principle has been suggested for a long time (see 
[To| and references therein). Usually, this violation 
results from the variation of the inertial mass of DM 
particles which is ruled by massive (yet ultra-light) 
quintessence scalar field (DM-DE interactions). These 
models therefore rely on a self-interaction potential of 
the scalar field and a violation of the strong energy con- 
dition (SEC, see [ll|) p < —p/3 to provide the necessary 
cosmic acceleration. Nevertheless, the DM-DE couplings 
enhances the last: it is shown in [lC| that the interaction 
of DM with quintessence can be interpreted as a ghost 
equation of state We// = p/p < —1 in the recent past of 
cosmic history. In the present models, we will show how 
such a phantom equation of state can be easily obtained 
in the observable frame. Moreover, the usual DM-DE 
coupling considered in fio'l and references therein as- 
sumes a negligible coupling between quintessence and 
baryons which is, somehow, an even worst violation of 
the WEP than what is assumed here: why should the 
coupling strengths to ordinary matter vanish while those 
of the hidden sector are non-negligible? In the AWE 
hypothesis, they are both assumed to be of order unity, 
which is crucial for obtaining a cosmic acceleration 
without a self-interaction potential of the scalar field. 
In chameleon cosmology |12l | however, both baryons 
and DM are non-minimally coupled to the quintessence 
field, rendering the mass of the last density-dependent. 
This offers the possibility of accounting for the present 
bounds of local tests of SEP and WEP on Earth and 
in the solar system by the higher mass of the scalar 
field in a denser neighbourhood than in the cosmological 
limit. As in the present work, the amplitude of the 
non-minimal couplings to the scalar field in [l^ are also 
of order unity. The AWE hypothesis can be seen also as 
a generalization of chameleon fields in three ways, (i) It 
makes the most of the different non-minimal couplings. 
Indeed, the stabilization of this massless scalar field 
in the minimum of an effective potential is obtained 
through the competition of the different non-minimal 
couplings of AWE and ordinary matter and not through 
the competition between self-interaction potential and 
non-minimal coupling to DM like in (ii) We take 

into account more general non-minimal couplings to 
a massless scalar field. Finally (iii), the observational 
quantities will be here written in terms of the metric 
coupling universally to usual matter, which allows 
reducing cosmic acceleration to a frame effect. 

This paper is structured as follows. In the next 
section, the AWE hypothesis is introduced as a natural 
generalization of several DE models before being applied 
to a pressureless fluid. In section III, we describe observ- 
able properties of the AWE cosmology while in section 
IV, we show how the anomalous gravity of DM can 
account successfully for the present state of expansion 
of the Universe. Several key questions related to DE 



like coincidence problem, influence of parametrization, 
values of density parameters and the fate of the Universe 
are discussed before we conclude in section V. In the 
appendix, the reader will find the details concerning 
the convergence mechanism toward GR revisited by the 
AWE Hypothesis. 

II. THE ABNORMALLY WEIGHTING ENERGY 
(AWE) HYPOTHESIS 

A. The Dark Cosmology Iceberg 

The usual explanation to account for the observational 
evidence presented before is to reintroduce the long-time 
discarded cosmological constant A, which has been his- 
torically introduced by Einstein himself in 1917 as a Mach 
principle-inspired term p^ . The corresponding grav- 
itational theory derives from the well-known Einstein- 
Hilbert action of GR: 

Seh^t^ f V^d^x{R* + 2 A} + Sr,, [i^m,g;,] , 

(1) 

where g*^, is the Einstein metric, A the cosmological 
constant, = SttG, is the bare gravitational coupling 
constant, R* is the curvature scalar and Vm are the 
matter fields. Reintroducing the cosmological constant 
therefore does not require to either modify general 
relativity, as it is part of it, nor the cosmological 
principle stating the homogeneity and isotropy of 
the universe on large-scales (for interpretation of DE 
based on inhomogeneity effects see [IJ] and references 
therein). The resulting cosmological model, called the 
concordance model ACDM, has only one additional 
parameter to fully determine the DE sector: the value 
of the cosmological constant A. 

Although this situation might look satisfactory from 
an observational point of view, the situation is how- 
ever worst from the theoretical side (see [lH| for an 
introduction to the cosmological constant problems). 
First, the effect of a (positive) cosmological constant on 
gravitation is similar to a fluid with negative pressure, 
producing the necessary cosmic acceleration. This 
reminds quantum fluctuations around the vacuum state 
in quantum field theory. Unfortunately, the computation 
of the value of the vacuum energy by integrating all 
zero-point energies up to the Planck scale where general 
relativity should enter its quantum regime leads to the 
huge value of « rrtpi « lO'^^GeV'^ (in geometrical 
units where h = c ^ 1, G ~ ^pf)- What is worst now 
with the astrophysical evidence for the cosmological 
constant, is that the vacuum energy density is indeed 
not vanishing but is of cosmological order of magnitude: 
PA ~ Pc{z = 0) « 10~^'^GeV'^. The consequent overesti- 
mation of the cosmological constant is about 120 orders 
of magnitude with regards to its observed value. This 
constitutes the so-called fine-tuning problem: which 
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divinely precise mechanism can reduce this estimation 
of the cosmological constant by such a gigantic amount? 
From a theoretical physics point of view, there is yet 
no satisfactory reason as to why the vacuum energy 
vanishes, despite several attempts (see [HI). Therefore, 
in any alternative modeling of dark energy, this problem 
will be ignored and some yet undiscovered mechanism or 
symmetry is invoked to cancel out the huge value of the 
cosmological constant. In addition to this fine-tuning 
problem, there is also another puzzling question: why 
is the vacuum energy density, something that should 
be set once for all in the universe and should depend 
on quantum mechanics, precisely of the order of the 
critical density today? Why is this quantity of the same 
magnitude as that of a present cosmological quantity, 
while it should be fixed by microphysics? This last 
question also opens the way to the famous coincidence 
problem associated to the cosmological constant. 

Therefore, one could prefer suggesting a cosmologi- 
cal mechanism to justify the observed value of the 
cosmological constant. Quintessence constitutes such 
an alternative explanation of DE that can be seen as a 
varying cosmological constant |16|. The most common 
mathematical tool to model such an effect is the use 
of a real (electrically neutral DE being dark) scalar 
field rolling down some self-interaction potential. More 
precisely, the quintessence mechanism is implemented 
by the following theory: 

Sqmnt ^ ^ I ^^*d^x {R* - 2g^''df,ipd,ip + F(^)} 

, (2) 

with (p the quintessence scalar field and V{(p) its 
self-interaction potential. Scalar fields are often met 
in high-energy physics beyond the standard model 
like in supersymmetry (the only fundamental scalar in 
the standard model of elementary particles is the yet 
undiscovered Higgs boson). During a slow- roll phase of 
this massive scalar field (when its kinetic energy is much 
less than its self- interacting one), negative pressures are 
achieved, producing the desired cosmic acceleration if 
they violate the SEC. Such a condition can be achieved 
when the scalar field freezes in a non-vanishing energy 
state due to the damping provided by the cosmic 
expansion. Indeed, this damping arises because the 
scalar field energy density feeds the cosmic expansion 
all along cosmic history. The quintessence mechanism 
therefore relies strongly on an appropriate choice of 
self-interaction potential for the scalar field whose deep 
nature has still to be established. In particular, most 
of the potentials used in quintessence come out of an 
effective theory of high-energy physics, leaving this 
assumption a glimpse to new physics. These potentials 
can be quite sophisticated and have to be well-shaped 
in order to reproduce Hubble diagram data or to exhibit 
interesting tracking properties jl7| . Finally, one can 
say that the coincidence problem is somehow moved to 



the convenient choice of both an appropriate shape and 
energy scale for the self-interaction potential of an effec- 
tive degree-of-freedom (the scalar field) representing a 
dynamical DE. Furthermore, deriving such quintessence 
models from high-energy physics in a self-consistent 
framework is a hard challenge, as combining all the 
cosmological, gravitational and particle phy sics aspects 
raises many difficulties (see for instance |18|). 

However, the quintessence scalar field minimally 
couples to gravitation and does not couple directly 
to ordinary matter. In cosmology, this means that 
quintessence does only modify the background cosmic 
expansion. But DE can also couple non-minimally 
to gravitation, if matter fields experience both DE 
and gravitation directly. These new direct interactions 
between DE and ordinary matter yields a violation of the 
equivalence principle. Indeed, the gravitational binding 
energy therefore varies with the local intensity of these 
non-minimal coupling interactions. The non-minimal 
coupling changes physical coupling constants or inertial 
masses and in consequence modifies the way energies 
have weighted in cosmic history. In the case where the 
scalar field directly affects the couplings to the gravi- 
tational field (the Einstein metric g^^^,) and therefore 
makes the gravitational coupling constant varying, we 
face the usual scalar-tensor theories of gravitation: 

Sts = 7^ f V^d^x{R* -2g':''d^^d,<f + V{^)} 
+S„^yJ„^,Al^{lp)g*^^] , (3) 

where Amif) denotes the constitutive coupling function 
to the Einstein metric (quintessence corresponds to 
Am{(p) = 1). Those kinds of theories describe the viola- 
tion of the strong equivalence principle (SEP) ( p^. [20j ) . 
However, if we consider that the 70% of missing energy is 
the whole contribution of such a non-minimally coupled 
scalar field, then it might be difficult to match the 
present tests of GR without assuming the non-minimal 
couplings to be extremely weak (see for instance the 
so-called "extended quintessence" models 21]). A 
possible solution to this problem is to consider a massive 
scalar field and to render the effective mass dependent 
on the background density ([H, [13]). In order to do so, 
a convenient self-interaction potential and a consequent 
violation of SEC have to be reintroduced. Even worst, 
as soon as these couplings are non- vanishing, the likely 
endless domination of a non-minimally coupled scalar 
field with quintessence potential will inescapably lead 
to a disastrous violation of the SEP in the future. 
Therefore, if considering non-minimal couplings of DE 
to gravitation is a natural extension of quintessence, it 
nevertheless rises many difficulties due to the stringent 
constraints on the equivalence principle and the con- 
stancy of fundamental constants. 

However, let us now put the DE mechanisms H]), 
and ^ in perspective. In some sense, the simple 
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cosmological constant can be seen as the tip of the 
iceberg of a deeper intriguing theory of gravitation. 
In the framework of quintessence, it corresponds to 
the hmiting case where the scalar field freezes in a 
non-vanishing energy state. Quintessence itself can be 
seen as the limiting case of tensor-scalar gravity with 
negligible violation of SEP (negligible non-minimal 
couplings). Finally, there is a generalization of the non- 
minimal couplings that embed the previous tensor-scalar 
theories: the case where the non-minimal couplings are 
not universal. This will constitutes the starting point of 
the Abnormally Weighting Energy (AWE) Hypothesis 

i- 



B. The AWEsome dust fluid dynamics 

In the AWE hypothesis, gravitation is no more ruled 
by the equivalence principle and is therefore mediated 
by a pure spin 2 (g*^,) and a spin ((^) degrees of free- 
dom. This last field rules the running of the gravitational 
couplings. Indeed, matter couples to a metric which is 
screened by a conformal transformation written in terms 
of the scalar field ^p. This screening of the metric 
by is a non-minimal and non-universal coupling: it is 
different for the AWE than for ordinary matter. This 
constitutes the violation of the weak equivalence prin- 
ciple (WEP). More precisely, the energy content of the 
universe is divided into three parts : a gravitational sec- 
tor with spin 2 and spin components, a matter sector 
containing the usual fluids of cosmology (baryons, pho- 
tons, normally weighting dark matter if any, etc.) and 
an AWE sector. The ordinary and abnormally weight- 
ing matter are assumed to interact exclusively through 
their gravitational influence without any direct interac- 
tion. The corresponding action can be written down in 
terms of the physical degrees of freedom 5*^, (/s, -0171 and 



section. 

However, it is also important to notice that the AWE 
hypothesis naturally derives from more general effective 
theories of gravitation motivated by string theory in 
which the couplings of the different matter fields to the 
dilaton are not universal in general, and of order unity 
(see for instance [23| and references therein). This non- 
universality of the gravitational couplings {Aawe 7^ ^m) 
yields a violation of the WEP: experiments using the 
new AWE sector would provide a different inertial mass 
than all other experiments. The reader should notice 
that action ([4]) of the AWE hypothesis generalizes the 
models of DM-DE couplings. The case studied in 
corresponds to Aawe^H^) = exp(/3(/3) and Am['~p) = 1 
(ipawe being DM fields), while chameleon cosmology [l^ 
corresponds to Am,awe{^) = e-Kp{f3m,awe^)- 

Let us now turn on cosmology, and write down the 
field equations deriving from the action ^ upon the 
assumption of a flat Friedmann-Lemaitre-Robertson- 
Walker (FLRW) universe with metric (c = 1) 



(5) 



with a,(t,) the scale factor and dl^ the Euclidean line el- 
ement in the Einstein frame. We also consider the matter 
and AWE action as perfect fluids. The Hamiltonian con- 
straint of the action ^ gives us the Friedmann equation: 
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(6) 



where a dot denotes a derivation with respect to the time 
ts, in the Einstein frame. The acceleration equation can 
be written down: 



a* A 



3Pm) + {P*awe + 3pLe)] ' (7) 



S 



1 

~ 2k 

+ Srn \i>m.-, A%J^ip)gl^\ 



g,d^x{R* -2g<i''d^vdM 



(4) 



where — SttG* with is the " 6are" gravitational 
coupling constant. In the previous action, (/? is a massless 
scalar field scrGening the metric Q^y, Sawe 

is the action 

for the AWE sector with fields tpawe and Sm is the 
usual matter sector with matter fields ipm', Aawei^) and 
Am,{^) being the constitutive coupling functions to the 
metric 5*^ for the AWE and matter sectors respectively. 
The action ^ constitutes the so-called " Einstein frame''' 
of the physical, separated, degrees of freedom. In this 
frame, the metric components are measured by using 
purely gravitational rods and clocks, i.e. not build upon 
any of the matter fields nor the ones from the AWE 
sector. Therefore, this frame does not correspond to 
a physically observable frame as we show in the next 



Therefore, there cannot be any acceleration provided 
there is no violation of the SEC in this frame if we as- 
sume pressureless fluids for usual matter and AWE. The 
expansion is then always decelerated d* < in this frame 
and acceleration will occur only when we will move to the 
observable frame. The Klein-Gordon equation ruling the 
scalar field dynamics is 

a* 2 

+ Y^awei^) [P*au,e ~ ^P*awe) = 0, (8) 

where ai{p) — are the coupling functions. 

Let us now consider that the AWE sector is con- 
stituted by a pressureless fluid {^^ Abnormally Weighting 
Dark Matter''; Pa^e = 0) ^^'^ focus on the matter- 
dominated era of the Universe (p^ = 0). We can write 
down the conservation equations for the matter and 
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the AWE sector separately (these sectors are decoupled 
accordmg to (|1])). For the matter sector, this equation 
reads V*Tit™''^'"'^ = am,aweT^'°'^'^dyip, or, in terms of 
the FLRW ansatz (O: 



Pm,awe ' Pm,awe ~ '^m,awe(y^) ^Pm 



which can be directly integrated to give 



Pm,awe ~ -^m,awe\V ) o 



(9) 



In the above equation, Ci_2 are arbitrary constants to be 
specified further. In the following, we will denote by Ri 
the ratio of Ci over C2: 



Ri — C1/C2 ■ 

It is possible then to rewrite equations | 
in a succinct form by using the quantity 



(10) 



and 



PT = Pm + Pa 



where 



^(^) = A™(^) + ^%M 



(11) 



(12) 



is a resulting constitutive coupling function for the 
mixture of ordinary matter and AWE DM. Therefore, 
the violation of the WEP by the AWE and matter dust 
fluids can be modeled by a tensor-scalar theory with 
only one dust fluid in which the constitutive coupling 
function A{ip) that results from the blend is a linear 
combination of the constitutive coupling functions 
Am{^p) and Aawe{'^) of the different sectors. 

Then, following the procedure initiated in pQ] to 
reduce ([5]) to an autonomous equation, we use the 
number of e-foldings : A = ln(a*/a^) as a time variable 
(with a* is assumed here to mark the beginning of the 
matter-dominated era, a}^ w 10"^). Using ©, 0, PT|) . 
(fT^ . the Klein-Gordon equation ([5]) now reduces to (a 
prime denoting a derivative with respect to A) 



2^" 



Z — if 



7^ + H((^) =0 



(13) 



where 



dln^(^) aan,e{^) - am{^) 

H'f) = ^ =a^{ip) + — ^ , — (14) 



dip 



1 + R. 



with 



Ri 



Ami^) P* 



Aaweif) P*a 



(15) 



according to ©. Because of the vanishing pressures, 
equation (|13p is autonomous, as both dust fluids have 



the same dependance on a* in their scaling laws ([9]) . The 
last term in therefore contains all the information 
about the violation of the WEP. Usual tensor-scalar 
theories in the matter-dominated era (see ) are easily 
retrieved if am{^) = cxaweif) = '^{v) in p4|) . which 
corresponds to no violation of the WEP and/or if the 
AWE fluid is sub-dominant (/?*„ > p*^,e). This last 
point is of first importance for the local tests of GR. 

The present tensor-scalar theory exhibits a sophis- 
ticated convergence mechanism even in the case of 
very simple constitutive coupling functions A^iv) and 
Aaweif)- This feature is the key to reproduce DE 
effects in the AWE framework. Indeed, let us study 
equation p3p in terms of dynamical systems methods 
to charaterize the asymptotic dynamics of the scalar 
field ip. This study is completely analogous of the 
case of usual tensor-scalar theories with WEP, but for 
the coupling function N((/3) = dliiA{ip)/dip. The fixed 
points of the differential equation correspond to 

the extrema of A{(p) (zeros of H((/3)) and ip'^ = which 
trivially corresponds to staying at rest at the extrema of 
the resulting coupling function A{(p) (fT^ . According to 
(IT2)) and (fT4|) . the fixed point (poo verifies H((/3oo) = 0, or 
more explicitely: 



am[^co)Ri^ 7 T + Ctaweifc 



0- 



(16) 



For any set of coupling functions j4,„ (</?), Aaweif) for 
which (|16p admits a solution, the resulting coupling 
function A has at least one extremum and there exists 
a finite value of the effective gravitational coupling 
constant (denoted by GdPoo) as we shall see below) 
which is different from GR. This attracting value ipoc 
depends on the ratio of usual matter over abnormally 
weighting dust and is intermediate between the value of 
ip for which Amiv) is extremum (when 3> Pawe) and 
the value of ip for which Aawei'p) is extremum (when 

Pm Pawe)' 

We can now illustrate that the attraction mech- 
anism toward ipca exists for various choices of the 
couplings to the scalar field, even in the simplest cases. 
The shape of the resulting coupling function A{ip) 
is presented in Figure [T] where the attracting value poo 
clearly appears as the mimimum of the resulting cou- 
pling. Models with ln(^Q„e) ^ —ip"^" and \n{Am) ~ 
(n > 0) will exhibit a nice shape of double- well potential. 
The reader will find in the appendix several relations 
giving the position of the attractor and the dynamics 
around it. 

The violation of the WEP strongly depends on the 
ratio of usual matter energy density over AWE. As both 
usual matter and AWE clusters, this violation is different 
with the scale considered. Furthermore, the AWE is 
assumed to be dark (insensitive to the electromagnetic 
interaction for instance) and its gravitational collapse 
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FIG. 1: Shapes of the resuhing constitutive couphng function 
A{ip) (|12p for three different sets of constitutive coupling func- 
tions Am{Lp) and Aa„e(v') {Ri = 0.5 ; fcm = 1 ; kawe = —5) 



will be therefore quite different due to the absence of 
the dissipative processes that allows usual matter like 
baryons to cluster so much compared to DM at small 
scales. This large abundance of usual matter at small 
scales therefore explains why the WEP is locally verified. 
Indeed, on small scales where AWE DM is sub-dominant 
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the value of the gravitational coupling 



is attracted toward G* {oim{^Poc) = 0). According to 
this argument, we will therefore conjecture that GR is 
verified on the very small (sub-galactic) scales at which 
GR is well constrained by solar system or binary pulsar 
measurements. This will allow us in the following to 
explain the Hubble diagram of far-away supernovae only 
in terms of cosmic acceleration without corrections due 
to the variation of the gravitational constant at small 
scales (see Q where this variation has been considered). 
Of course, the expected deviations from GR with the 
scale constitutes a key prediction of the AWE hypothesis 
but is left for future studies. 

In the appendix, the reader will find a detailed analysis 
highlighting how the convergence mechanism toward GR 
is preserved despite the violation of WEP brought by 
the non- universal couplings Am{^) ^ Aawe{v)- Before 
explaining how this revisited convergence mechanism can 
lead to cosmic acceleration, it is important to interprete 
the dynamics of the scalar field in the appropriate way. 
This will be the subject of the next section. 



III. COSMOLOGY WITH THE AWE 
HYPOTHESIS 

The field equations we presented before were written 
in terms of the Einstein frame, in which the physical 
degrees of freedom are separated. In the context of the 
AWE hypothesis, we can build two other interesting 
frames or sets of variables using conformal transfor- 
mations: the observable frame associated to ordinary 
matter and the AWE frame which can be seen as an 
observable frame for observers made of AWE matter. 

Cosmology (and more generally everyday physics) 
is built upon observations based on usual matter 
(baryons, photons, etc.). In the AWE hypothesis of 
action this "normar matter couples universally to 
a unique metric, which we will denote g^^, even though 
the coupling strength to this metric varies in space-time. 
This metric g^i, therefore defines the observable frame 
through the conformal transformation : 



(17) 



However, this metric comprises scalar and tensorial 
degrees-of-frecdom yielding different dynamics than the 
pure spin 2 Einstein metric g*^^. Under this transfor- 
mation, the action of usual matter Sm ["^m, 
writes down Sm [i^m , like in GR and does not de- 
pend explicitly on Lp. The energy-momentum conser- 
vation equations are ^iTj^ — with V the covariant 
derivative associated to the effective metric g^u- There- 
fore, the components of the stress-energy tensor in the 
observable frame will have the same scaling law than in 
GR. The relations between the components of the stress- 
energy tensor in the observable and Einstein frames are 
given by 



(18) 



At this point, we would like to point out that there exists 
another interesting frame, the AWE frame, defined as 
the one into which all the abnormally weighting fields 
Tpawe couple Universally to the effective metric: 



(19) 



As there is no direct coupling between matter and AWE 
fields (no dependency of the matter action upon ^awe 
and vice- versa) , the same arguments for the stress-energy 
conservation as above holds for this AWE frame. In par- 
ticular, we now have 



With 



is the stress-energy tensor of the AWE sec- 
tor in the Einstein frame and where T'"™'^ ^ behaves like 
in GR. The observable components of the AWE stress- 
energy tensor write down 



(20) 
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The AWE hypothesis therefore lead us to a gravitational 
theory in which there are two effective metrics, g^i^ and 
which couple universally to a separate set of physi- 
cal fields "tprn and ipawe- The absence of a unique effec- 
tive metric is a consequence of the violation of the WEP. 
But these two metrics are simply related by a conformal 
transformation 



(21) 



so that there is only one set of underlying tensorial 
degrees-of- freedom: the f/^^'s. There is only one space- 
time with a curvature felt differently by matter and 
AWE. Therefore, the violation of the WEP considered 
here is somehow minimal in the sense that the theory of 
gravitation given by ^ simply has two different gravita- 
tional running coupling constants: 



for the usual matter sector and 



(22) 



for the AWE sector. 

Let us now move on the observable quantities of 
the AWE cosmology. We begin by assuming a FLRW 
parametrization of the observable metric ^^j^: 

ds"^ =-dP +&^{i)dP, (23) 
where the observable scale factor is given by 

SL{i)^A„^{ip)a,{U)= a.iQ (24) 



with Gc the effective gravitational coupling constant 
for the matter sector and the element of observable syn- 
chronous time reads 



dt = Ajn{f)dt^ 



(25) 



according to (jl7[) . Performing the conformal transforma- 
tion (fT7|) on the field equations in the Einstein frame (O 
(see also [9j]), we get for the observable expansion rate 



{Pm + Pawe) X 



1 + o '9 



3-(p'2 



with p,n,awe = ^m'*Pm,Q«;e ^ud 

H^~^A-;,\^)H,{l + aM^')- (27) 
a dt 



This allows us to write down the following density pa- 
rameters for matter and abnormally weighting dust 



SnGcPn 



3i?2 



(28) 



and an effective density parameter for the scalar field 
if' (1 + Sal,) + 6a 



y. 



(29) 



'■awe -r ^^Kp — 1 (flat universe). 



with the constraint Vim + ^awe + 
Before going any further, it should be noted that the ratio 
of the matter and AWE density parameters is given by 



— Ri 



Am{f) 
Aawei"^) ' 



(30) 



so that Ri represents this ratio when ^^((/j) = Aawei'f)- 
Ri will be one of the free parameter of the present DE 
model. 

The acceleration equation in the observable frame 
is given by: 



1 d'^d 
h~dP 



1 - 



2ip' 



Pawe 

2 1 



3 — ip 
AnGcam (amP 



X 

darn _ z \ - 2a 
dip 3 , ^' 



■ a. 



awePawe) 



(31) 



Although the energy densities are always positive and 
therefore will provide only a deceleration of the cosmic 
expansion, their couplings to the scalar field can lead to 
cosmic acceleration under particular circumstances (this 
might occur for instance if aawe < and Pa^e ^ Pm)- 
Cosmic acceleration in the observable frame is provided 
by Am(ip) (i.e., the coupling constant Gc) and not a, 
in ([M)) which is related to an acceleration of the scalar 
field itself resulting from the competition between usual 
matter (through Am{f)) and AWE (through Aaweif)) 
in m 



We can now search for a translation of the AWE 
cosmology in usual FLRW cosmology. In order to do so, 
one can search for an effective DE density p^E together 
with its effective equation of state by matching the 
terms in (1^51) and (pij) to: 



SttG. 



- {Prn,T + PDe) 



(32) 



1 d'^h 
dip 



5 Prn,T 



AttGc 

-——pDE(l+3LUeff) (33) 



where Pm.T — Pm{^ ~^ Ri ^) the total amount of or- 
(26) dinary matter and DM^ rescaling exactly in a^"^. After 



^ The observable energy density of AWE can be written down: 



Pm 



pm 
Ri 
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some manipulations, we find the following effective equa- 
tion of state: 



-3a,: 



{3(3-^'^) + ' (34) 

This equation of state asymptotically vanish at the 
attractor ipryo- We will also see that phantom dark 
energies uJeff < — 1 can easily be achieved, even today 
at the opposite of the results in [To'l . 



The existence of the attractor (|16p implies that 
the density parameters (|28p freeze at a constant ratio, 
when a* ^ 00: 



= ni— -, r — Ur, 



(35) 



which defines another free parameter of the AWE DM 
model, i?oo- Furthermore, as this fixed point is stable, 
the scalar field kinetic energy asymptotically vanishes, 
leaving the other density parameters freezing at constant 
values given by 



Ro 



l + Ro 
1 



l + Roc 

{V,^{(pac) =0=1- fljn{(Pca) - ^awei^Poo))- 



(36) 



IV. DARK ENERGY AS THE ANOMALOUS 
GRAVITY OF DARK MATTER 

We can now illustrate how the AWE DM fiuid explains 
the accelerated expansion measured by the far-away su- 
pernovae and how its anomalous gravity plays the role of 
DE. 



A. Building a specific model 

Let us first choose a set of constitutive coupling func- 
tions^ A,-a{ip) and Aawei^)- 



Ami'P) = exp (k.m^^ 
A-awei^) = GXp ^/Cauie"^^ 



(37) 



with |(T0) |. 

^ The reader will find other paramctrizations in the appendix. 



With such a parametrization, the attraction mechanism 
guarantees an asymptotic solution which looks like GR, 
but with a different value of the gravitational coupling 
on cosmological scales. For the sake of simplicity, we 
therefore consider that the scalar field starts moving 
at the beginning of the matter-dominated era with 
{ip, if') K, (0, 0) at a* K, 10"'^, which corresponds to start 
moving away from GR with the value of the gravitational 
coupling corresponding to ordinary matter at the end 
of the radiative era. We refer the reader to section 
IV C. for a preliminary discussion on coincidence and 
sensitivity to the initial conditions. 

The number of free parameters of the AWE DM 
mechanism in the present parametrization is three. 
Indeed, it is required to know the relative amount 
of energy in the AWE and matter sectors at start 
— Pml PlweiVi = 0) and the free parameters of the 
coupling functions Am{ip) and Aawe{f) to the scalar 
field. For instance, the model ([57]) have three free 
parameters : km and kawe- Once these parameters 
are given, the ratio of matter over AWE R^o to which 
their energy densities finally freeze is determined by the 
position of the attractor ipoo (|16p . Then, the integration 
of in]) (or the full system ©, (O and jS])) leads to the 
observable density parameters today U,i{z = 0). This 
is why we will rather characterize the models in terms 
of the parameters (i?i, ilm{z = 0) = i?oo) as the 
first two can be measured independently of the Hubble 
diagram of type la supernovae. 



B. Cosmological Discussion 

Let us now calibrate these free parameters with cur- 
rent available data on the type la supernovae Hubble 
diagram We show in the appendix how this Hubble 
diagram can be retrieved from the most simple shapes of 
coupling functions cki (</?), therefore illustrating how cos- 
mic acceleration is a generic prediction of the AWE DM 
mechanism. According to what we have seen in section 
II, we can expect that GR is verified on small scales, 
meaning that type la supernovae can be considered as 
standard candles. Therefore, their Hubble diagram can 
only be explained in terms of cosmic acceleration with- 
out any correction from a possible variation of Newton's 
constant (see [9] for an AWE model without this pre- 
scription). The distance moduli of type la supernovae 
are given by: 



^(2) = TO - M = 25 51nio dL{z), 



(38) 



where dL{z) is the luminous distance (in Mpc) given 
by dL{z) = (1 -t- z)Ho dz/H{z) for a flat universe 
{Hq is the observed value of the Hubble constant 
today). The expansion rate H{z) has to be estimated 
in the observable frame related to usual matter (I27p as 
indicated in section III. 
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Model 


R^ 


Roo 




^awe 


io(Gj/r) 


xVdof 




0.11 


0.31 


0.04 


0.26 


15.9 


1.03 


(|A.11|) 


4.5 X 10"^ 


9.7 


0.73 


0.12 


10.6 


1.05 


(|A.14|) 


2.5 X 10~^ 


1.8 


0.62 


0.43 


9.8 


1.03 



TABLE I: Cosmological parameters for different parametriza- 
tions of the AWE DM model, as calibrated by Hubble diagram 
data 0] 
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FIG. 2; Cosmic expansion a(t) for the model (|37|) (see also 
Table HI) and comparison with the concordance model KCDM 
(for which the P^r dof for the same data set is 1.03) 



Table |T] gives the calibrated values of the free pa- 
rameters Rao and for various models (see the 
appendix for the corresponding parametrizations) as 
well as other interesting related quantities like the 
value of the density parameter for AWE and the age 
of the universe io- We remind the reader that can 
be either negative or positive (see (HH)). Very simple 
parametrizations of the constitutive coupling functions 
j4m((/3) and Aawe{'^) allow to account fairly and almost 
equivalently with data despite their different definitions. 
This illustrates the robustness of the AWE hypothesis 
applied to dark matter. However, one should be careful 
while considering the parameters in table |T] in the 
light of other cosmological tests as these last should 
also be performed by taking properly into account the 
anomalous gravity of dark matter. Our aim here is 
to show that the AWE DM model can account easily 
for the observed cosmic acceleration without requiring 
well-shaped sophisticated functions. Figure [2] gives the 
evolution of the scale factor ([24]) for the model ((37)) . 
with a value of i/p = 70km/s/Mpc. Also illustrated is 
the concordance KCDM model {{VLm^^h) = (0.3,0.7)). 
In model (P7)) . the cosmic acceleration is achieved during 
the accelerated deviation of Lp from the unstable point 
at = 0. 

In Figure [31 the evolution of the density parame- 



ters ([M]) and ([Ml of ordinary matter, AWE DM and 
scalar field is given. The AWE DM is dominating the 
energy content of the universe until 5 « 0.68 where its 
density parameter is joined by the one of the rising scalar 
field. This epoch constitutes the coincidence between 
the AWE DM and the DE it produces through the scalar 
field (/?. The Universe has been dominated by AWE DM 
since the end of the radiative era and the violation of the 
WEP by the AWE DM has induced a violation of the 
SEP on large-scales for the ordinary matter sector. With 
the consequent growth of its gravitational coupling, 
the ordinary matter has experienced an increasingly 
stronger cosmic expansion. We have in this scenario the 
following density parameters today: — 0.04, and 

^\wE — 0.26. However, it should be noted that, up to 
now, we did not proceed with any assumption about the 
exact content of the ordinary matter sector, except that 
it comprises at least baryons on which the WEP is well 
tested. This ordinary matter sector might well include 
some amount of normally weighting dark matter in ad- 
dition to the baryons. Addressing the question whether 
one could identify or not the matter and AWE sectors 
to baryons and cold dark matter respectively requires to 
estimate the values of f2^, ^^we ^i^h cosmological tests 
like the Hubble diagram method for instance. According 
to Table 1, the answer depends on the shape of the 
matter and AWE constitutive coupling functions Am(<p) 
and Aaweif)- In the model ([37|l . one could therefore well 
identify ordinary matter with baryons and AWE with 
dark matter. This would give an elegant explanation 
of the various energy components of the concordance 
model and the deeper physical relations they maintain. 

In Figure [H the past and future evolutions of energy 
densities of the various components are represented"^. 
The scalar field will be dominant until we reach the 
attractor ipoa at z = —0.7 (in approximately 50 billion 
years, see also Figures [S] and [7]) and ip starts oscillating 
around ipoo. These oscillations will appear in the future 
cosmic expansion, as can be seen in Figure [5] and will 
take thousands and thousands of billion years to be 
damped to a negligible value. More precisely, the am- 
plitude of the energy density of the scalar field becomes 
sub-dominant after a ~ 10^ (Figure [4]), at t « lO'^Gyr. 
The final state of the universe, once the oscillations 
of the scalar field become negligible, is constituted by 
an Einstein-de Sitter expansion phase. Indeed, the 
scalar field slowly freezes {ip' — *■ and 0) near 

the attractor (^oo, so that the matter and AWE DM 
energy densities will redshift as (see Figure [1]). At 
this distant epoch, gravitation will be described by a 
theory with purely tensorial degrees-of-freedom (the 
scalar sector being frozen) like GR but with Gc (<^oo) 



^ The absolute value of the scalar field energy density p^, which 
can be negative according to I I29II . has been represented. 
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FIG. 3: Evolution of the density parameters Qi with the red- 
shift 1 + « for model ^ 
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FIG. 4; Evolution of the energy densities pi with the redshift 
1 + 2 for model p7|) (vertical lines represent the redshift range 
of the data set used for calibration) 



as a coupling constant instead of the bare coupling G*. 
During the competition between AWE and ordinary 
matter for ruling the equivalence principle, cosmic 
acceleration and deceleration phases have been achieved 
several times before the final stabilization of the large 
scale gravitational coupling constant Gc. Therefore, 
GR-like behavior appears both at the beginning (since 
z ~ 1000 the scalar field slowly rises) and at the 
end of the mechanism (z — —1). The deviation from 
standard FLRW cosmic expansion due to the induced 
violation of SEP on ordinary matter disappears once a 
new equilibrium has been reached for the gravitational 
coupling constant. In Figure [5l the concordance model 
KCDM has been represented in order to illustrate 
the different visions of the fate of the Universe. The 
cosmological constant yields an endless cosmic expansion 
which becomes exponential (de Sitter regime) in a few 
dozens billion years (Figure [5] near a « 10). The AWE 
DM model predicts also an eternal expansion but not an 
endless cosmic acceleration. 
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FIG. 5: Fate of the universe in the concordance model AC DM 
and in the AWE DM model dST]) (see also Table HJ. 



Let us give a characterization of the cosmic expan- 
sion in the AWE DM model in terms of an effective 
equation of state in a standard FLRW framework (see 
section III). We remind that the present DE mechanism 
is essentially based on a competition between different 
non-minimal couplings and not on a violation of the 
strong energy condition (which is never violated here in 
the Einstein frame as the fluids are pressureless). The 
present effective equation of state is for non-minimally 
coupled models and contains the information on both 
the behavior of the scalar field and the AWE DM fluid 
(see (|34|) ). One can therefore expect a very different 
behavior for the equation of state Wg/ / than for standard 
FLRW cosmology. This is illustrated in Figure [G] The 
equation of state starts moving from (dust-dominated 
universe) after z « 20 to cross the equation of state of 
a cosmological constant (t^A = —1) near z « 5, then 
reverse at z « 2 to finally reach We// = —1.2 today. 
This ^'ghost-like" equation of state is responsible for a 
stronger cosmic acceleration and the larger age of the 
universe found in model ([57)1 . In the future, the equation 
of state will enter a damped oscillating regime, driven by 
the underlying evolution of the scalar field. According 
to what we have seen above for the fate of the Universe, 
We// eventually vanishes and the universe recovers a 
dust-dominated expansion regime. 



C. About the coincidence problem 

Figure [7] illustrates the validity of the analytical ap- 
proximations given in the appendix ( (jA.sp and (|A.9[) ) 
around the fixed points ip — tpoo and <p = of model 
([57)1 . These expressions wfll allow us to discuss the coin- 
cidence problem for this DE mechanism in the framework 
of model (|37p. The cosmic coincidence is reached when 
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FIG. 6: Evolution of the effective equation of state u^fj 
with the redshift z for model (1371) 
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FIG. 7: Evolution of the scalar field for model (|37|l and com- 
parison with analytical approximations near the fixed points. 
The vertical line represents the present state of the universe 



~ + ^awe- Uslng (j29p ill the non-relativistic limit 
((y9 ^ 3) and (|A.9p . we find that the observable scale 
factor of coincidence dc is given by 



/ 



a, exp 



(39) 



2(\/2-l)(l-fi^o 



where we set 

dip 




Ko 



(40) 



(see also the appendix). Eq. (HDl) agrees with numeri- 
cally computed values by a few percent accuracy. Figure 
[S] represents the values of the parameters km and kawe, 



condition (fit for which the coincidence occur at 5 = 0.5 in 
model daZl [ai = 10"^) 



given initial conditions Ri and ipi for which the coinci- 
dence occurs at He = 0.5. There is a wide range of values 
of the coupling constants km and kawe for which cosmic 
coincidence is explained, even starting from very differ- 
ent initial conditions in the distribution of AWE and or- 
dinary matter Ri, or in the initial value of the scalar field 
(fii. Furthermore, the magnitude of km and kawe required 
to justify the coincidence is of order unity which means 
that the amplitude of the coupling to the scalar field is of 
the same order of magnitude than the coupling = Stt 
(in units of G,) to the metric tensor g*^. The cosmic 
coincidence appears as a consequence of this very nat- 
ural assumption in non-minimally coupled tensor-scalar 
theories of gravitation. For what concerns the tuning of 
the free parameters, these last do not need to vary by 
several orders of magnitude if one changes slightly the 
time of coincidence, at the opposite of the cosmological 
constant. The amplitude of km and kawe of order unity 
ensure a typical arising, duration and end of cosmic ac- 
celeration during matter-dominated era as the AWE DM 
mechanism could not have occured during the radiative 
era (radiation is ruled by WEP). Therefore, the AWE DM 
model improves the coincidence and fine-tuning problems 
of the cosmological constant. 



D. AWE Dark Matter as a time-dependent inertial 

mass 

Let us now interprete this AWE mechanism in terms 
of a variation of the inertial mass of the dark matter par- 
ticles. This can be done by assuming that the AWE DM 
fluid is made of a collection of non-relativistic particles 
in such a way that its energy density can be rewritten 
a.s p — m X n/a^ with n the numerical density of par- 
ticles per unit volume (assumed conserved) and m the 
inertial mass of the particles. Doing so, we can define 
two types of effective masses for AWE DM, the first is 
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FIG. 9: Evolution of the effective masses m, (straight line) 
and m (dash-dotted line) (in units of the mass at ^ = 0) with 
the redshift z for model ll37ll 



for the Einstein frame m, (computed from p*^^): 

m^{(p) = Aawei^) (41) 

and the second is the observable effective mass (computed 

from pawe)- 



(42) 



This last expression is also proportional to the ratio of 
the AWE DM and ordinary matter energy densities (or 
equivalently density parameters) in any frame (see (|30|) 
and other related relations in section III). The variation 
of these inertial masses for the calibrated model ([57]) is 
given in Figure [HI The cosmic acceleration measured by 
the supernovae needs a variation of rh of about 30% in 
the redshift range z = to 5. The inertial mass rh of 
the AWE DM particles starts varying at z « 4 and fi- 
nally freezes at rh = 0.38 (m* = 0.8) at z = —1 when (p 
reaches the attractor. This variation of the inertial mass 
of AWE DM violates the WEP which yields an increas- 
ingly stronger gravitational coupling for ordinary matter 
appearing as a cosmic acceleration. 



V. CONCLUSION 

The theoretical explanation of dark energy is probably 
one the most challenging and promising issue for both 
cosmology and fundamental physics. The long-time 
discarded and often controversed cosmological constant 
is one the main theoretical pillar of the concordance 
model in cosmology, together with the puzzling nature 
of dark matter. Cosmological mechanisms of DE, like 
quintessence and non- minimal couplings, that aims to 
go beyond the simple cosmological constant to cure its 
intricate difficulties, make this constant appear as the 
tip of the iceberg of an underlying more fundamental 



theory of gravitation. Most of such theories that go 
beyond GR suggest a violation of the weak and/or 
strong equivalence principles. The AWE hypothesis, 
suggested in consists of applying this suggestion 
to the DE problem by assuming that this energy ab- 
normally weights. In terms of tensor-scalar theory of 
gravitation, there are two distinct matter sectors (the 
abnormally weighting DE and ordinary matter) that 
only interact through gravitational interactions and 
couples differently to the tensorial gravitational degrees 
of freedom. This is a minimum violation of the WEP, 
that yield temporary deviations from GR resulting in 
cosmic acceleration (and possible variation of G, see also 
0). The anomalous gravity of DE implies a violation 
of the strong equivalence principle for the gravitational 
interactions. As a consequence, the varying gravita- 
tional coupling modifies the strength of the background 
cosmic expansion experienced by usual matter so that it 
becomes possible not only to explain DE effects but also 
to consider a unified approach to DE and DM. 

In this paper, we have applied this idea to a pres- 
sureless fluid called the abnormally weighting dark 
matter (AWE DM). More precisely, we have considered 
that both the AWE and ordinary matter sectors are 
made of pressureless fluids with different couplings 
to gravitation. We have shown that the convergence 
mechanism toward GR might be conserved, despite the 
violation of WEP, provided very general conditions. The 
violation of the WEP therefore appears as an auxilliary 
driving force competing with the coupling to ordinary 
matter. This new driving force depends on the ratio 
of ordinary matter over abnormally weighting one in 
such a way that the weak equivalence principle can be 
locally restored when the last is sub-dominant. As the 
gravitational collapse is expected to be very different 
for the two matter sectors (ordinary matter clusters 
much more as a consequence of the various dissipative 
processes it undergoes), this opens the possibility of 
retrieving locally the precision of current tests of GR (a 
similar explanation has been invoked in previous works 

[nil). 

However, on cosmological scales where the AWE 
DM is dominant, gravitation is no longer described 
neither by GR nor by usual tensor-scalar theories with 
WEP. The final state of cosmological evolution is indeed 
described by a GR-like theory for which the value of 
the gravitational coupling constant is different than 
the bare one of GR and depends on the properties 
of AWE DM. We have paid a particular attention of 
re-writting the whole dynamics in terms of the effective 
metric to which ordinary matter universally couples. 
This definition of the observable frame highlights the 
difference between the present approach of DE and 
others based on usual FLRW with DE violating the 
strong energy condition. Using all these elements, we 
have build a plausible and original DE mechanism to ex- 
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plain the puzzling Hubble diagram of type la supernovae. 

This DE mechanism presents several key features 
that appear to us very seducing. First, the issue of 
coincidence is considerably improved. Indeed, the 
competition between AWE and ordinary matter can- 
not have occured during the radiation-dominated era 
because radiation is ruled by WEP (a remark on early 
radiation-dominated era, where the AWE particles were 
relativistic, will be made further). During the matter- 
dominated era, the evolution of the scalar field brings it 
naturally to coincidence at low redshifts (z « 0). This 
depends crucially on the amplitude of the non-minimal 
couplings to the scalar field and the cosmic coincidence 
can be explained when these couplings are of order 
unity. This is precisely a natural consequence of the 
non-minimally coupled assumption, namely that the 
couplings to the scalar gravitational degrees-of-freedom 
are of the same order as those of the tensorial ones. 

In second, we have shown that there is no need to 
invoke well-shaped sophisticated functions to justify the 
late cosmic acceleration. Through the calibration of 
three simple models, we have therefore illustrated the 
robustness of the AWE DM assumption with respect 
to a change of parametrization. Future works should 
focus on performing a compared statistical analysis of 
different data sets to provide more constraints on the 
model parameters and more insight on the nature of 
AWE. 

Third, it should be reminded that the AWE hypothesis 
does not require to invoke very negative pressures and a 
violation of the SEC to build a plausible DE mechanism. 
Cosmic acceleration is provided by the non-standard 
(not FLRW) terms in the observable frame (see also @ 
for another models implementing this feature). Another 
interesting issue that is addressed by this model is the 
fate of the universe. As the final state of cosmology is 
described by GR with a different gravitational coupling, 
the final expansion regime is the one of Einstein-de Sitter 
(in flat cosmologies). There is no danger of ultimate Big 
Rip (although the effective equation of state might be 
phantom) nor the cold eternity of non-trivial vacuum- 
dominated de Sitter cosmology. At the opposite, the 
present DE mechanism is transient and is composed of a 
succession of decelerating and accelerating phases while 
the universe relaxes to its asymptotic Einstein-de Sitter 
state. 

Finally, AWE DM accounts fairly for the Hubble 
diagram of type la supernovae with a set of cosmological 
parameters that is remarkably close to the predictions of 
the concordance model: tlm,o = 0.04, ^awe,o = 0.26 and 
^ip,o = 0.7. This is therefore very tempting to identify 
the AWE sector to cold dark matter and the usual mat- 
ter sector to baryons... This conclusion, which should be 
supported by a more complete statistical analysis, has 



strong impacts on cosmology. First, this gives a natural 
explanation of the adequacy of the concordance model. 
Then, the AWE DM assumption would allow to measure 
the distribution of dark matter and baryons directly 
from supernovae data alone. As well, the physics leading 
to the angular fluctuations measured in the CMB and 
the gravitational (weak-)lensing of background objects 
by large-scale dark matter structures will be different 
due to the violation of the WEP by dark matter. In 
the same time, the large-scale structure formation and 
its impact on the local validity of GR as well as on the 
universality of free fall at large scales are crucial issues 
to be examined for this assumption (see [l^l for a recent 
interesting work on this issue). As well, impact on fifth 
force constraints or local deviations from general rela- 
tivity should be examined in the AWE framework, while 
keeping in mind the interesting results of the recent work 
(25| on such tests with non-minimally coupled scalar 
fields. Another interesting perspective is the study of 
the cosmic expansion in the very early universe, when 
the AWE DM particles were relativistic, as an analogous 
mechanism of acceleration could generate inflation. This 
inflation would only be due to a violation of the WEP 
and not of the SEC as usually assumed. 

The AWE hypothesis applied to dark matter therefore 
opens new interesting possibilities not only for the 
problem of DE but also for its links with dark matter 
and inflation, i.e. for the major issues of modern 
cosmology. A careful study of inflation, CMB physics 
and structure formation in the framework presented 
here could either constrain the coupling functions that 
rule the equivalence principle or rule out the AWE DM 
hypothesis. In the last case, this would constitute an 
interesting argument in favour of a violation of SEC by 
DE. But, if the AWE DM appears in agreement with 
all other cosmological tests, or allows to unify different 
aspects of cosmology, this could constitute a true step 
forward for this science. This explanation of DE offers 
new perspectives for fundamental physics as it glimpses 
on the links between microphysics and gravitation as 
well as some improvements of the coincidence problem 
and a possible explanation of the concordance model 
adequacy. But most of all, the ideas presented in this 
paper allow to reduce DE to a new property of dark 
matter, a property that could potentially change our 
present understanding of gravitation, cosmic accelera- 
tion, CMB, structure formation and possibly inflation: 
the anomalous gravity of dark matter. 
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APPENDIX: CONVERGENCE TOWARD 
GENERAL RELATIVITY REVISITED 



In order to characterize the fixed points (|T6)l of (|T3)l . 
we can perform a linear stability analysis for a perturba- 
tion (5(p, 6ip') around {ifioo, v'oo)- Performing a first order 
Taylor expansion around the fixed point ((^oo, f'oo) gives 





(A.l) 



where J is the Jacobian matrix whose eigenvalues at the 
fixed points allow to characterize them. These eigenval- 
ues are given by 



-1± Wl 



(A.2) 



with Koa = d^^iy^) / d(p\^=ip^ , or in terms of the coupling 
functions ami'p) and aawei'p)- 



dam 
dip 

f daa 



^awe^ra 



am a 



m ^awe 



dUr, 



\ dip dip 



(A.3) 



The usual case with WEP can be retrieved when a™ = 
c^awe, which givcs for the position of the attractor (|16p 

amiVoo) = 

and for the eigenvalues parameter (|A.3[) 



dotm I 



For 1 — SKco/i < 0, the eigenvalues have a non- vanishing 
imaginary part together with a negative real part and 
this case corresponds to a damped oscillatory regime of 
an in-spiralling stable point. For < 1 — Si^txj/S < 1, 
we face a stable proper node with i/j- < while the case 
of the hyperbolic fixed point 1 — 8Koa/i > 1 > 0; 
v- < 0) would require a negative dam/ dip for which the 
convergence toward GR at small scales would not be 
possible. The critically damped solution corresponds to 
1 — Sifoo/S = 0. The linear stability analysis around the 
fixed point (ipoo , 0) therefore leads to the same behavior 
than the non-relativistic solution of the well-known case 
of the parabolic coupling function am = kmf (see [20|). 

Consequently, as Koo > (1 — 8Kao/3 < 1), the 
fixed point is an attractor and the final state of AWE 



DM cosmology is a gravitational theory similar to GR 
but defined for the value Gc{ipoc) of the gravitational 
coupling constant. Quite surprisingly, the convergence 
mechanism toward GR survives despite the presence 
of AWE but it is now shifted to different values of the 
gravitational coupling constant Gc- 



We 

,'2 



can now go on with the non-relativistic limit 
ip " <C 3 around the attractor ipoa where we can 
approximate the bottom of the potential well by 



KoD {ip — ipoo) (see also [20j). Starting at 



some value of A = Ao with ip^ and ip'^ as initial conditions 
for the scalar field and its velocity, we can write down 
for the sub-critical motion (0 < K^o < 3/8): 



(A.4) 



with 



A^ = ± 



IPO + V^iVoo - <y3o) 



where v± is given by (|A.2|) . For i^oo > 3/8, we face a 
damped oscillatory regime for which the solution is 



ip{\) — Aexp — 7A I sin {v\ + 9) + ipoo, 



with 



4 U " 



1/2 



(A.5) 



(A.6) 



A 



{^0 - 'Poo) exp (fpo) 



and 



9 = arctan 



S-K - 1 



1 



vpo- 



3(^0-^00) , 

The critically damped solution is obtained for Koo = 3/8: 



^(A) 



l + |Ao 



and 



l + £A)e-t(^-^o)-t-^^ (A.7) 



9 , 'Po-Vo 



16 M -f |Ao 



Let us now particularize this study to different sets 
of the coupling functions a„i and aawe- Instead of 
expressing these models in terms of the free parameters 
{Ri,kawe) (where, in this case, Ri is the ratio between 
the energy densities of usual matter and AWE both at 
</? = at which we will start), we prefer express the 
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FIG. 10: Asymptotic value of the gravitational coupling con- 
stant Gc (</5oo) (in units of G, ) in the {Roo, Ri) plane for 
the model with two parabolic coupling functions. The two 
regimes for the fixed point are separated by a dashed line. 




FIG. 11: Asymptotic value of the gravitational coupling con- 
stant Gc (Voo) (in units of G,) in the {Roa, Ri) plane for 
model (|A.11|) [km = 1). The two regimes for the fixed point, 
the in-spiralling regime {^{v) < 0, 0) and the focus 

one (z/± < 0) are separated by a dashed line. 



dynamics in terms of Roo given by (|35p . The first model 
we propose is the one presented in section IV ([37]). With 
this parametrization, the position of the attractor (jl6p 
is given by: 

and the eigen-frequencies parameter (jA.Sp by: 

and kawe = —Rookm is negative if we want an attrac- 
tion mechanism toward GR at small scales {km > 0). 
Figure [TO] summarizes the asymptotic behavior in this 
model. The GR attractor {G c{if oc) = G*) is retrieved 
for AWE sub-dominance Ri^oo oo (p^ » Plwe) ^^'^ 
for the WEP Ri = R^o ■ In this parametrization, the cen- 
ter of the phase space {ip, ip') = (0, 0) is also a fixed-point. 
We can therefore compute the eigenvalue parameter Kq 
to be used for the eigen-frequencies (|A.2[) instead of Ko^ ■ 

Ko = km^f^. (A.8) 

When Ri < Roo, Kq is negative and we face an unsta- 
ble fixed point at p = 0. The non-relativistic regime 
corresponding to this case is given by (see also poj ) 

(p(A) ^ A+e-'+^ + yl-e"-^, (A.9) 

where v± is given by (|A.2p with Kq instead of Koo and 
with 

A± = 1(i±(i^Iko] (A.IO) 



if wc start at rest with (^(a* ) = ifi. 

Then, the simplest model one might propose assumes 
two Brans-Dicke coupling functions: 

Am{p) = exp (kmp) 

(A.ll) 

Aaweif) = exp (kaweP) 

This model is purely illustrative as it intends to demon- 
strate the existence of the attracting value tpoo even in 
this simplest case. This is also the parametrization of 
coupling functions used in chameleon cosmology [l2| , and 
in fact model (|A.11[) itself has been first studied in a dif- 
ferent context already in [26] . The position of the attrac- 
tor is given by, according to (|16[) . 

km (1 -I- Roo) V Ri. J 

while the value of Koo parametrizing the eigen- 
frequencies near the attractor is 

Koo — kmRooj (A. 13) 

and kawe = —Rookm is therefore of opposite sign of 
km- Figure [11] gives the relative deviation from GR 
at If — ipoo for this model. The Brans-Dicke theory is 
retrieved for Ri — Roo, meaning that both AWE DM 
and usual matter have the same scaling law, which 
corresponds well to no violation of WEP. The nature of 
the fixed point is also indicated. 
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FIG. 12: Asymptotic value of the gravitational coupling con- 
stant Gc (<^oo) (in units of G,) in the {Roo, Ri) plane for model 
(|ATT4| . The two regimes for the fixed point are separated by 
a dashed line. 

Finally, another very simple model can be formu- 
lated using a parabolic coupling function on one side 
and a Brans-Dicke on the other: 

Ami^P) = CXp ihn^j 

(A.14) 

Aawe{V>) = CXp (kawef) 

Once again, let us express the asymptotic quantities in 
terms of the initial and final ratio Ri and -Roo to get for 
the position of the attractor: 

and for K^o 

K^ = km + klRoo^l - — ^ (A.16) 



(poo ■ Figure [12] gives the absolute 
deviation from GR ed tp — ipoo for this model. The 
GR attractor is retrieved for AWE sub-dominance 
Ri, oo oo (p^ ^ Paiue) ^^^^ f^'' thc wcak equivalence 
principle Ri = R^. Models dST]), COT]) and ((XT4)) 
illustrate that the attraction mechanism toward ipoo 
exists for various choices of the couplings to the scalar 
field, even in the most simple cases. 

Let us now illustrate how the parametrizations (jA.ll[) 
and (|A.14p can be used for building a DE mechanism. 
Figure [T2] reproduces the evolution of the scale factor 
for the calibrated models (|A.11|) and (|A.14|) (see Table 
I for the parameters). In models (lA.llll and (IA.14p . 




10-* 10-^ 10° 

t (Gyr) 



FIG. 13: Cosmic expansion a(t) for the models (|A.ll|l and 
(|A.14|) (see also Table |T]). The dotted horizontal line repre- 
sents the redshift range of the data used for calibration 



the Hubble diagram is reproduced by one oscillation of 
Gc around the position of the attractor Gc (v?oo). In 
model (jA.14[) . the previous oscillations are so strong 
that they even yield an ambiguity in the definition of the 
cosmological redshift z = ao/a — 1 with respect to time t 
around z « 10. However, these simple parametrizations 
allow faithfull reproduction of Hubble diagram data and 
show how the AWE DM mechanism for dark energy is 
robust against a change of parametrization. 
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